We have studied the electronic structure of hexagonal MnAs, as epitaxial continuous film on GaAs͑001͒ and as nanocrystals embedded in GaAs, by Mn 2p core-level photoemission spectroscopy. Configurationinteraction analyses based on a cluster model show that the ground state of the embedded MnAs nanocrystals is dominated by a d 5 configuration that maximizes the local Mn moment. Nanoscaling and strain significantly alter the properties of MnAs. Internal strain in the nanocrystals results in reduced p-d hybridization and enhanced ionic character of the Mn-As bonding interactions. The spatial confinement and reduced p-d hybridization in the nanocrystals lead to enhanced d-electron localization, triggering d-d electron correlations, and enhancing local Mn moments. These changes in the electronic structure of MnAs have an advantageous effect on the Curie temperature of the nanocrystals, which is measured to be remarkably higher than that of bulk MnAs.
I. INTRODUCTION
The first generation of spintronic devices has used metallic magnetic materials with enormous success for datastorage applications. 1 The next generation, under development, further aims at monolithic integration of information storage and processing tasks, therefore it is planned to be semiconductor based. [2] [3] [4] Whereas the first generation has used transition metals ͑TMs͒ in elemental or alloyed form as magnetic materials, the next generation is envisaged to use TM coordination compounds, consisting of "d" cations ͑TM atoms͒ and "sp" anions ͑group IV-VI atoms͒, in order to achieve higher structural and electronic compatibilities with the semiconductor materials used in conventional electronics. The different atomic species of the TM compound play different roles in the magnetic and spin-transport properties. On the one hand, the TM cations contribute robust strongly localized "inducing" magnetic moments, formed primarily because of the intra-atomic exchange interaction. On the other hand, the sublattice of nonmagnetic anions may develop, through ͑sp͒-d hybridization, "induced" moments with delocalized character. Although magnetism arises from the TM cations, the possibility of spin transport ͑the essential aim of semiconductor spintronics͒ strongly depends on the moments induced in the anion sublattice. The characteristics of the ͑sp͒-d hybridization determine whether moments are induced in the intrinsically nonmagnetic anion sublattice, and how delocalized the induced moments are.
The recent use of nonequilibrium methods ͑low temperature͒ in molecular-beam epitaxy to fabricate hybrid ferromagnet-semiconductor structures has led to a breakthrough for the advancement of semiconductor spintronics. Many of the ferromagnetic materials grown up to now incorporate Mn, as its half-filled d atomic shell contributes large inducing magnetic moments. Mn has been successfully incorporated into GaAs, as Ga 1−x Mn x As ͑x Շ 0.1͒ diluted magnetic semiconductor, maintaining the GaAs zinc-blende ͑cu-bic͒ structure, 5 and ferromagnetic hexagonal MnAs films have been grown on GaAs and Si substrates with high structural perfection and atomically sharp interfaces. 6 Besides, granular GaAs:MnAs materials, consisting of MnAs nanocrystals embedded in an essentially Mn-free semiconducting GaAs matrix, have been prepared by high-temperature annealing of low-temperature grown Ga 1−x Mn x As. 7 The different crystal structure and chemical composition of MnAs and Ga 1−x Mn x As are responsible for the different electronic structures of these compounds, leading to different magnetic and transport properties. Whereas optimally prepared Ga 1−x Mn x As ͑x ϳ 0.07͒ is a highly p-type-doped semiconductor, ferromagnetic up to ϳ173 K ͑Ref. 8͒, MnAs exhibits metallic conductivity and is ferromagnetic up to ϳ313 K ͑Ref. 9͒. In both materials, a magnetic moment is induced in the As sublattice with opposite sign to the local Mn moments. At present, optimally prepared Ga 1−x Mn x As ͑x ϳ 0.07͒ is, among diluted magnetic semiconductors, the material exhibiting the best spintronic performance. However, its Curie temperature is still too low for practical applications. On the other hand, MnAs is ferromagnetic at room temperature, but its metallic conductivity limits efficient spin injection into semiconductors because of the resistivity mismatch. A material exhibiting both room-temperature ferromagnetism, as MnAs, and semiconductor resistivity, as Ga 1−x Mn x As, would be ideal for semiconductor spintronics. In order to see how these requirements could be fulfilled, it is important to fully understand Mn-Mn and Mn-As bonding interactions in Ga 1−x Mn x As-and MnAs-related materials, and how these interactions affect ferromagnetism stability and electrical conduction properties.
In this paper, we present a comparative study of the electronic structures of nanocluster and film morphologies of hexagonal MnAs, by photoemission spectroscopy ͑PES͒. The Mn 2p photoemission line shape from MnAs is analyzed in detail. Brief photoemission studies were previously reported on zinc-blende-type MnAs nanodots on passivated GaAs surfaces. 10, 11 Photoemission spectroscopy, in combination with configuration-interaction ͑CI͒ cluster-model analyses, has been a key experimental tool to study the electronic properties of Mn impurities in diluted magnetic semiconductors. [12] [13] [14] Here, we present a CI cluster-model analysis of the Mn 2p photoemission line shape from hexagonal MnAs nanoclusters embedded in GaAs, providing insight into the effect of nanoscaling and internal strain on the electronic and magnetic properties of MnAs. We investigate to what extent electron transfer occurs from manganese to arsenic atoms, and the strength of d-d electron correlations. Nanoscaling and internal strain of MnAs clusters embedded in GaAs are revealed to significantly and advantageously alter the electronic structure of MnAs, triggering d-d electron correlations, reducing the p-d hybridization, and leading to enhanced local magnetic moments and enhanced stability of ferromagnetism, as compared to bulk MnAs.
II. PROPERTIES OF BULK MnAs
Bulk MnAs exists in three different phases depending on temperature. Below ϳ313 K, MnAs crystallizes in the hexagonal NiAs-type structure. 15 This phase, ␣-MnAs, is ferromagnetic and shows metallic conductivity. 9, 16 At ϳ313 K, ␣-MnAs transforms to orthorhombic ͑quasihexagonal͒ MnPtype ␤-MnAs by a first-order magnetostructural phase transition. 15, 17 The lattice spacing in the basal plane ͑a axes͒ shrinks abruptly by 0.9% while that along the c axis remains unchanged, volume being abruptly reduced by 1.8% ͑Ref. 15͒. The Mn-As nearest-neighbor distance changes from 2.58 Å in the ␣ phase right below the transition, to 2.52-2.61 Å in the ␤ phase right above the transition. 17 Across the ␣-␤ phase transition, the ferromagnetic order breaks down and the resistivity jumps abruptly. 9, 16 The character of the magnetic state of ␤-MnAs is not yet fully understood. With increasing temperature, the orthorhombic "distortion" of ␤-MnAs decreases continuously until reversion to the hexagonal NiAs-type structure of paramagnetic ␥-MnAs at 398 K by a second-order phase transition. 16, 17 At 4.2 K, the total magnetic moment of MnAs was measured to take a value of 3.45 B / f.u., 16, 18 and at room temperature it was found to be reduced to 2.85 B / f.u., of which −0.23 B / f.u. corresponds to magnetic polarization induced in the As sublattice. 9, 19 The Mn-As nearest-neighbor distance in bulk MnAs at room temperature is 2.577 Å while the Mn-Mn nearest-neighbor distance is 2.851 Å along the c axis and 3.719 Å in the basal planes. 20 For comparison, we note that NiAs-type MnAs nanoclusters embedded in GaAs at room temperature were found 21 to exhibit tensile strain along the c axis and compressive strain in the basal planes with the Mn-Mn distance increased up to 2.908 Å along the c axis and decreased down to 3.708 Å in the basal planes, the Mn-As distance being 2.588 Å, i.e., higher than in bulk MnAs.
The valence band of MnAs is derived from the outer-shell 4s 2 and 4p 3 electrons of the As atoms and the 4s 2 and 3d 5 electrons of the Mn atoms. The 12 valence electrons are four electrons more than the eight required to form tetrahedral bonding, as in the zinc-blende structure of GaAs; therefore, to accommodate them, octahedral bonding is preferred. In the hexagonal structure of MnAs, Mn atoms are coordinated by a trigonally distorted octahedron of six As atoms. The 3d electrons in a Mn atom are exposed to the ligand field, with D 3d symmetry, created by the surrounding As atoms. The cubic component of the ligand field splits the orbitally fivefold-degenerate 3d level in two: a less stable level for the two e orbitals directed toward the nearest-neighbor arsenic atoms, and a more stable level for the remaining three t 2 orbitals. 22 The t 2 level is split by the positive trigonal component of the ligand field into a more stable level for the a 1 T orbital directed toward nearest-neighbor manganese atoms along the c axis and a less stable level for the two e T orbitals primarily directed toward nearest-neighbor Mn atoms in the basal plane. 22 The short Mn-As distance in MnAs correlates with strong Mn-As bonding interactions. If the Mn-As bond were pure ionic, three electrons would be transferred from each Mn atom to a neighbor As atom, in order to completely fill the 4p shell of the electronegative As atoms. This would lead to an atomic configuration of Mn with four d electrons and +3 charge on Mn sites. The transfer of three electrons from Mn to As atoms, in fact, is not complete, the Mn-As bond actually having mixed covalent-ionic character. Mn atoms tend to retain five d electrons, and valence-band carriers incompletely screen the positive charge on Mn sites. Hence, in the band models of MnAs, Mn atoms have a noninteger number of d electrons, in between 5 and 6.
Band-structure calculations, based on density-functional theory, have been carried out for the room-temperature experimental lattice parameters of bulk MnAs. [23] [24] [25] Filled As 4s states, hardly affected by the magnetic exchange interaction, lie at high binding energies ͑about −11 eV͒. [23] [24] [25] Hybrid Mn 3d-As 4p bands extend around the Fermi energy ͑E F =0 eV͒ from about −6 eV up to about +4 eV. [23] [24] [25] Empty Mn 4s states lie above the hybrid Mn 3d-As 4p bands. Because of the magnetic exchange interaction, the spin-down p-d bands are shifted up in energy ͑nonrigidly͒ relative to the spin-up p-d bands. There are little-dispersive nonbonding bands with dominant d orbital character and E T symmetry at about −2 eV and +1 eV for spin-up and spindown channels, respectively. 23, 25 Bonding ͑antibonding͒ hybrid p-d bands extend below ͑above͒ these nonbonding states. The states crossing the Fermi energy have hybrid p-d character with higher p than d contribution for the spin-up channel and nearly pure d character for the spin-down channel. [25] [26] [27] Due to the strong Mn 3d-As 4p covalent interactions, the As 4p orbitals mediate the exchange interaction between the Mn local moments. 28 Interatomic distances in MnAs seem to be close to critical values, across which relevant exchange interactions possibly change sign. Hence, the properties of MnAs reveal themselves extremely sensitive to small changes in the crystal structure.
III. EXPERIMENTAL DETAILS

A. Sample fabrication
MnAs and Ga 0.916 Mn 0.084 As films, 120 nm and 117 nm thick, respectively, were grown on heavily n-type Si-doped GaAs ͑001͒ substrates by molecular-beam epitaxy. MnAs growth was initiated on a carefully prepared As-rich surface of a GaAs buffer layer, grown at conventional high temperatures ͑550-600°C͒. MnAs growth proceeded at a substrate temperature of 230°C, with a growth rate of 19 nm/h, and an As 4 -to-Mn beam-equivalent-pressure ratio of ϳ49. The MnAs film hence grows with so-called A epitaxial orientation, i.e., MnAs ͑1100͒ parallel to GaAs ͑001͒ and MnAs ͓0001͔ parallel to GaAs ͑110͒. After MnAs growth, the sample was annealed at 286°C for 12 min. Ga 0.916 Mn 0.084 As growth was consecutive to the growth of a 51-nm-thick layer of LT-GaAs ͑GaAs grown at low temperature͒, on top of a n-type Si-doped GaAs buffer layer grown at conventional high temperature. Ga 0.916 Mn 0.084 As growth proceeded ͑as LTGaAs͒ at a substrate temperature of 247°C, with a growth rate of 5 nm/min, and an As 4 -to-Ga beam-equivalentpressure ratio of ϳ49. After Ga 0.916 Mn 0.084 As growth, the sample was annealed first at 247°C for 5 min and afterwards at 640°C for 10 min. The second annealing step at high temperature leads to the phase separation of Ga 0.916 Mn 0.084 As into hexagonal MnAs nanocrystals embedded in an essentially Mn-depleted GaAs matrix ͑GaAs:MnAs͒. The MnAs nanocrystals have their ͑0001͒ planes oriented parallel to ͕111͖ GaAs planes and their ͗2110͘ directions oriented parallel to ͗110͘ or ͗110͘ GaAs directions. After growth, the samples were cooled down well below room temperature and were exposed to As 4 flux in order to deposit protective arsenic coatings. Prior to photoemission analysis, the samples were stored under vacuum.
B. Photoelectron emission analysis
Photoelectron emission spectroscopic analyses were carried out on the soft x-ray undulator beamline UE56/2-PGM-2 of the synchrotron-radiation facility BESSY II, equipped with a plane-grating monochromator. The arseniccoated samples were briefly exposed to air, during the time necessary to cut them into pieces and to transfer them from the growth to the analysis chamber. The samples were mounted together on a variable-temperature holder, in electrical contact with a gold sheet used for calibration purposes. The arsenic coatings were desorbed by heating the samples up to ϳ370°C. Photoelectron emission spectra were recorded at room temperature. Synchrotron light was incident 30°off normal, and photoemitted electrons were collected in the direction normal to the sample surface, in an angleintegrated mode, using an ESCALAB MkII electron energy analyzer. Surface cleanliness was checked by inspecting O 1s and C 1s photoemission signals. After removal of the arsenic coatings, these signals were found to be below the detectability limit, indicating the absence of oxide and hydrocarbon contamination.
C. Magnetometry
After photoemission analysis, the magnetic properties of the samples were analyzed by superconducting quantum interference device magnetometry ͑Quantum Design MPMS XL͒. Figure 1 shows zero-field-cooled ͑ZFC͒ and fieldcooled ͑FC͒ curves of the magnetization as a function of temperature in low applied magnetic fields. To measure these curves, the samples were demagnetized at 395 K and then cooled down to 5 K under zero applied magnetic field. Once at 5 K, a low magnetic field was applied along the ͓110͔ GaAs in-plane direction, with a value of 30 Oe for the sample with the continuous MnAs film, and of 50 Oe for the sample with the granular GaAs:MnAs top layer. The ZFC curve was first measured upon heating up to 395 K and the FC curve was then measured upon cooling down to low temperature. Figure 1 shows that the Curie temperature of the magnetic MnAs nanoparticles in the granular GaAs:MnAs layer ͑ϳ377 K͒ is remarkably higher than that for the MnAs film ͑ϳ313 K͒. The weak thermal hysteresis observed for the MnAs film correlates with different proportions of ␣ and ␤ phases upon heating and upon cooling. On the other hand, the ZFC-FC curves for the granular GaAs:MnAs layer reveal the characteristic signatures 29 of hexagonal MnAs nanocrystals embedded in a zinc-blende GaAs matrix: a plateau in the FC curve at low temperatures, and an abrupt decrease in the magnetization approaching the Curie temperature. Besides, the ZFC curve reveals a distribution of blocking temperatures, centered at a relatively high temperature, ϳ317 K, corresponding to relatively large clusters, with relatively high magnetic anisotropy, as it is characteristic of hexagonalMnAs clusters.
IV. Mn 2p PHOTOELECTRON EMISSION SPECTRA
A. Experimental spectra
Mn 2p PES spectra for the MnAs film and for the MnAs nanoclusters embedded in GaAs are shown in Figs. 2͑a͒ and 2͑b͒, respectively. Binding energies are referenced to the Fermi level, which was determined from an Au 4f spectrum. Under the 750 eV light excitation used, Mn 2p photoelectron emission appears superimposed on backgrounds of secondary-electron emission ͑dashed curves͒ that we deter- Temperature dependence of the magnetization M measured under low applied field, normalized by the value of the fieldcooled magnetization at T =5 K ͑M 0 ͒, for an epitaxial MnAs film grown on GaAs ͑gray curves͒ and for MnAs nanoclusters embedded in GaAs ͑black curves͒. The samples were first cooled from 395 K down to 5 K under zero applied field. Then, a low field was applied ͑30 Oe for the film and 50 Oe for the nanoclusters͒ and ZFC and FC curves were consecutively measured upon heating and upon cooling, respectively. mined by smoothly extrapolating the trend revealed in wide spectra ͑not shown͒ within the Mn 2p spectral region. Figure  2͑c͒ compares the two Mn 2p spectra, after subtraction of the respective secondary-electron backgrounds and area normalization. The spectrum of the continuous film essentially consists of a 2p 3/2 -2p 1/2 spin-orbit split doublet. The individual lines are observed to have marked tails on their high bindingenergy sides, as previously observed for Mn metal and for Mn-containing compounds. 30, 31 The line asymmetry arises from intra-atomic multiplet effects, 32 and core-hole screening processes, 33 similarly to what has been shown for Mn metal. 31 The Mn 2p spectrum of the nanoclusters is more complex: pronounced satellite structures ͓"s" in Fig. 2͑c͔͒ show up at 3-5 eV higher binding energies than the main peaks "m" of the spin-orbit doublet. These satellite structures do not correspond to chemically shifted oxide components, as guaranteed by the absence of O 1s signal; rather they are satellites induced by electron-correlation effects. The main ͑m͒ and satellite ͑s͒ emissions correspond to different photoemission final states, with different d-orbital occupation, possible because of the incomplete screening of the Mn 2p core hole by Mn 3d-As 4p valence electrons. Whereas the absence of ͑s͒ satellite structures for the film indicates efficient core-hole screening, the presence of satellite structures for the nanoclusters reveals poor core-hole screening and relatively strong d-d electron correlations.
Energy losses ͓"p" in Fig. 2͑c͔͒ due to plasmon excitation are observed to contribute to both film and nanocluster spectra, at roughly 19 eV higher binding energies than the main peaks ͑m͒ of the photoemission doublet. These ͑intrinsic͒ plasmons are excited in the process of screening of the Mn 2p core hole. Plasmon losses are seen to be somewhat more intense for the nanoclusters than for the film.
B. Method of simulation
In order to gain insight into the electronic correlations in the MnAs nanoclusters, we analyze their Mn 2p photoemission line shape on the basis of a CI cluster model. 34 In the cluster approximation, we consider an idealized structure, a MnAs 6 cluster, with a central Mn cation surrounded by six As anions, arranged in a NiAs-type MnAs structure with the lattice parameters previously measured 21 for hexagonal MnAs nanoclusters embedded in GaAs. We concentrate on energy levels arising from hybridization of Mn 3d and As 4p orbitals. We assume that the pure ionic configuration of the Mn cation is the high-spin d 4 configuration, i.e., the Mn 3+ state with local moment S = 2. The wave functions for the initial states ͑states before Mn 2p photoemission͒ are described in the CI picture as linear combinations of the pure ionic configuration and screened charge-transfer configurations, in which one or more electrons are transferred to the Mn 3d levels from ligand ͑As͒ orbitals
Here, L គ stands for a hole in a ligand ͑As͒ orbital and the summation stands for all the charge-transfer configurations ͉d 4+m L គ m ͘ with the same symmetry as the ionic configuration ͉d 4 ͘. The number of 3d electrons on the Mn atom is given by
and the number of 4p holes on the As atom is given by
The wave functions for the final states ͑states after Mn 2p photoemission͒ are given by 
Here, a គ 1 T , e គ T , and e គ denote holes on Mn 3d orbitals with A 1 T , E T , and E symmetries, respectively, and Table I .
The diagonal matrix elements of the initial-state Hamiltonian, H i , are given by ͑Ref. 34͒
where ͑d 4+m L គ m ͒ is the Coulomb-exchange interaction energy of the configuration d 4+m , ⌬ is the energy required to transfer one electron from a ligand orbital to a Mn 3d orbital, C͒. As previously done, 34 we fix B and C at the values corresponding to the free Mn ion B = 0.120 eV, C = 0.552 eV ͑Ref. 37͒. The 13 first diagonal matrix elements of the initial-state Hamiltonian are listed in Table I .
Hybridization between Mn 3d and As 4p orbitals is treated, in the CI picture, as a perturbation. 34 It is included via one-electron mixing ͑off-diagonal͒ matrix elements, via The transfer integrals are seen to be only slightly sensitive to the typical structural distortion of hexagonal MnAs nanocrystals embedded in GaAs. Assuming the relationship ͑pd͒ / ͑pd͒ = −2.16, as previously done, 14,38 the transfer integrals for the strained nanoclusters are found to be given by: T a 1 T = 0.92͑pd͒, T e T = 1.28͑pd͒, and T e = 1.49͑pd͒. Note that p-d hybridization is highest for orbitals with E symmetry, consistent with these orbitals being mostly directed toward As anions. Table I lists the nonzero off-diagonal elements of the 13ϫ 13 leading submatrix of the initial-state Hamiltonian, in terms of the transfer integrals.
The photoemission final states differ from the initial states by the Coulomb attraction Q between the Mn 2p core hole and the Mn 3d-Mn 4p valence electrons, which pulls down the charge-transferred states relative to the pure ionic state. With the presence of a Mn 2p core hole, the diagonal matrix elements of the final-state Hamiltonian H f are given by ͑Ref. 34͒
where E c is the energy of the Mn 2p core-hole ͉͑2pd 4 ͒͘ relative to the ionic state ͉͑d 4 ͒͘. As previously done, 14, 34 we fix the average attractive Coulomb energy at Q = 1.25U. We assume that the off-diagonal matrix elements for the final-state Hamiltonian are the same as those for the initial-state Hamiltonian.
After finding the eigenfunctions ͑⌿ i,l and ⌿ f,k ͒ and eigenvalues ͑Ẽ i,l and Ẽ f,k ͒ for the initial and final states, diagonalizing the respective Hamiltonians, the photoemission spectrum is given, in the sudden approximation, by ͑Ref. 34͒
summed over all final states. Here, 2p is the annihilation operator of a Mn 2p core electron in the initial state, ⌿ f,k is the k final-state eigenfunction, ⌿ i,g is the ground initial-state eigenfunction, Ẽ f,k is the k final-state eigenenergy, h is the photon energy, and E kin is the kinetic energy of the photoelectron. Hence, the spectral weight of each final-state eigenenergy Ẽ f,k is given by the square of the overlap integral between ͉⌿ f,k ͘ and ͉2p⌿ i,g ͘, where ͉2p⌿ i,g ͘ represents the frozen state obtained by annihilating a Mn 2p core electron in the ground initial state. To simulate the experimental spectrum, the theoretical elastic-photoemission ␦ lines are broadened by functions representing the experimental resolution and intrinsic photoemission line shape. We represent elastic-photoemission lines by Gaussian/Doniach-Sunjic convoluted functions, which account for the core-hole lifetime, electron-hole pair excitation, multiplet splitting, and experimental resolution. We fix the core-level asymmetry at the value ␣ = 0.41 eV, previously considered for Mn compounds. 30 The parameters U, ⌬, and pd are varied to provide a best fit to the experimental data.
We represent quantized ͑intrinsic͒ plasmon energy losses by Voigt doublet profiles. 39 On the other hand, we simulate the contribution of inelastically scattered photoelectrons, both zero-energy-loss photoelectrons and those which have previously experienced quantized plasmon energy losses, by Tougaard-type integral backgrounds. 40 For the inelastic-scattering cross-section, we use the coefficients C = 1000 eV 2 and D = 13300 eV 2 , corresponding to the universal cross-section for transition metals, 40 which we have seen describe well the background in any spectral region far from the secondary-electron region. 41 To better account for unquantized ͑extrinsic͒ plasmon energy losses, we leave the inelastic-scattering B coefficient as a fitting parameter. 42 We simulated the spectral line shapes with the aid of the CASAXPS software package. Figure 3͑b͒ shows the analysis of the Mn 2p photoemission line shape for the MnAs nanoclusters, based on the CI cluster model. The ⌬, U, and pd best-fit values are listed in Table II . With these values, the CI cluster model most well reproduces the experimental spectrum, including the satellite structures. The leading Mn 2p 3/2 photoemission signal ͑m͒ peaks at 641.15 eV ͓Fig. 2͑c͔͒. Best fitting is achieved when the spin-orbit splitting is set to 11.4 eV, the elasticphotoemission Gaussian width to 3.6 eV, and the inelasticscattering B coefficient of the Tougaard background to 1800 eV 2 . The CI analysis reveals that the leading peaks of the Mn 2p elastic photoemission for the nanoclusters ͓spin-orbit split m lines in Fig. 3͑b͔͒ correspond to transitions to a final-state mixing the following main configurations:
C. Spectral components
and additional small contributions from other configurations.
On the other hand, the satellite structures ͓s in Fig. 2͑c͔͒ are revealed to consist of several contributions, the most intense ones being "s1" and "s2," at 5.2 eV and 3.4 eV higher binding energies than the leading m lines, respectively ͓Fig. 3͑b͔͒. The s1 lines correspond to transitions to a final-state mixing the following main configuration:
and additional small contributions from other configurations. The s2 lines correspond to transitions to a final-state mixing the following main configurations:
and additional small contributions from other configurations. In addition to elastic photoemission, a doublet signal ͑p b ͒, assumed to correspond to the excitation of a bulk plasmon, with a characteristic Gaussian width of 4.3 eV, is found to contribute to the Mn 2p nanocluster spectrum at 18.75 eV higher binding energy than the main doublet. Besides, a less intense doublet signal ͑p i ͒, assumed to correspond to the excitation of an interface plasmon, with a characteristic Gaussian width of 3.6 eV, is found to contribute at 14 eV higher binding energy than the main doublet. The distinguishable additional contribution of an interface plasmon loss is understandable, considering the large number of Mn atoms located in MnAs/GaAs interface environments in the nanocluster morphology.
The Mn 2p spectrum of the continuous MnAs film ͓Fig. 3͑a͔͒ can be reasonably well described considering the contributions of ͑i͒ a leading spin-orbit split doublet, accounting for elastic photoemission, ͑ii͒ a small p b doublet accounting for a quantized plasmon energy loss, and ͑iii͒ a Tougaardtype background. The leading Mn 2p 3/2 photoemission signal peaks at 640.05 eV ͓Fig. 2͑c͔͒. Best fitting is achieved when the spin-orbit splitting is set to 11.25 eV, the elasticphotoemission Gaussian width to 2.7 eV, and the inelasticscattering B coefficient to 3250 eV 2 . The p b doublet signal, assumed to correspond to the excitation of a bulk plasmon, with Gaussian width of 6.75 eV, is found to be centered at 19.4 eV higher binding energy than the main doublet. This plasmon energy loss is to be compared with the screened plasma frequency calculated by Ravindran et al. 43 ͑22.2 eV͒ and that derived by Bärner 44 ͑17.0 eV͒ from reflectivity spectra. Fig. 2͑c͒ for ͑a͒ MnAs film and for ͑b͒ MnAs nanoclusters embedded in GaAs. The vertical black ͑blue͒ bars are the calculated unbroadened spectral lines corresponding to elastic photoemission, either main ͑m͒ or satellite ͑s1, s2͒ contributions. The vertical gray ͑green͒ bars are unbroadened spectral lines corresponding to the excitation of bulk ͑p b ͒ or interface ͑p i ͒ plasmons. The corresponding broadened spectral contributions are shown by dotted black ͑blue͒ curves ͑elastic photoemission͒ and dashed-dotted gray ͑green͒ curves ͑plasmon losses͒, superimposed on the respective background contributions. The gray continuous curves represent the theoretical spectra obtained adding up all contributions.
V. MnAs ELECTRONIC AND MAGNETIC PROPERTIES
The energy-level diagram for the initial and final states of MnAs nanoclusters embedded in GaAs, derived from the CI analysis, is shown in Fig. 4 . If p-d hybridization ͑covalency of the Mn-As bond͒ were disregarded, i.e., if the Mn-As bond were considered to be 100% ionic, the ͉d 4 ͘ configuration would be found to be the ground initial state ͑left-side diagram in Fig. 4͒ , consistent with the positive value of ⌬, associated to the higher electronegativity of As atoms as compared to Mn atoms. However, as a consequence of the hybrid ionic-covalent nature of the MnAs bonding interactions, of the effective p-d hybridization, the ground state is a mixture of charge-transfer configurations. From the CI analysis we obtain the following mixture of configurations for the ground initial state:
and additional very small contributions from other configurations. The ground initial state of the MnAs nanoclusters is found to be largely dominated by the ͉d Insight into the effective charge of Mn cations in MnAs can also be gained from the measured Mn 2p binding energies. When atoms in compounds have a high ionic charge and a localized electronic structure, the corresponding corelevel lines exhibit large chemical shifts in photoemission spectra with respect to the elemental ͑metallic͒ material. On the contrary, when atoms participate in extended bonding, the core-level lines exhibit low chemical shifts, since delocalization of valence electrons results in greater nuclear screening ͑lower effective charge͒. If cation-and anionbased orbitals strongly hybridize because of a covalent nature of the bonding interactions, the binding energy of the cation atoms in the compound approaches that in the elemental material. Since the Mn 2p 3/2 binding energies measured for the MnAs film ͑640.05 eV͒ and for the MnAs nanoclusters embedded in GaAs ͑641.15 eV͒ are higher than that ͑638.7-638.9 eV͒ reported for Mn metal, 31, 45 we conclude that Mn atoms in MnAs films and nanoclusters are definitely in a cationic state, i.e., there are effective electron transfers The values of ⌬, U, and pd for MnAs nanoclusters embedded in GaAs, derived from the CI analysis, are compared in Table II with the values corresponding to Mn-containing diluted magnetic semiconductors, derived from similar analyses. The charge-transfer energy ⌬ in the MnAs nanoclusters is found to be similar to that in Ga 0.93 Mn 0.07 As, and lower than that in Ga 0.96 Mn 0.04 N, consistent with the dependence of ⌬ on the electronegativity of the anion. We expect the charge-transfer energy in bulk MnAs to be essentially the same as that in the MnAs nanoclusters. The p-d hybridization is extremely sensitive to the anion-cation distance: it increases with decreasing distance. Since hexagonal MnAs nanocrystals embedded in GaAs are typically in a strained state, involving a somewhat larger Mn-As distance ͑2.588 Å͒ than that in bulk MnAs ͑2.577 Å͒, 20, 21 we expect pd in bulk MnAs to take a somewhat higher value, i.e., ͉pd͉ Ͼ 0.97. On the other hand, since pd is found to be similar for the MnAs nanoclusters embedded in GaAs and for Ga 0.93 Mn 0.07 As, it is concluded that Mn-As bonding interactions have a similar covalent character in these materials, the different coordinations apparently not having a large effect on the p-d hybridization. This latter result is consistent with the value 2.589 Å for the Mn-As distance in Ga 1−x Mn x As diluted magnetic semiconductors-determined on the basis of x-ray diffraction measurements ͑Refs. 5 and 47͒-which is very similar to that ͑2.588 Å͒ corresponding to strained MnAs nanocrystals embedded in GaAs ͑Ref. 21͒. The local magnetic moment is expected to be enhanced in the nanoclusters, as compared to the film ͑to bulk MnAs͒, as a consequence of the shrinking of the d band. The enhanced d orbital localization is expected to result in an increased exchange splitting between the majority and minority channels of the Mn d states, thus in higher occupation of the majority states and lower occupation of the minority states. An analysis of the measured plasmon-loss intensities, which scale with the number of spin-unpaired valence electrons, 42 supports this idea. The higher plasmon-loss intensity measured for the nanoclusters is consistent with an enhanced local magnetic moment.
As a consequence of the enlarged volume when going from MnAs to MnBi, the p character of the states crossing the Fermi energy was found to be enhanced and the spin-up d band was found to be lowered, leading to enhanced stability of ferromagnetism. 27, 43 The enlarged unit-cell volume of MnAs nanoclusters embedded in GaAs, as compared to bulk MnAs, is expected to similarly lead to enhanced p character of the states crossing the Fermi energy. This idea is supported by the measured bulk plasmon loss energies. The plasmon loss energy is sensitive to the density of Mn 3d valence electrons: a greater density leads to a higher Mn 2p plasmon energy. 42 The lower bulk plasmon energy measured for the nanoclusters is consistent with a reduced ͑Mn͒ d character ͓enhanced ͑As͒ p character͔ of the states crossing the Fermi energy. Accordingly, the enlarged unit-cell volume would be responsible for the enhanced stability of ferromagnetism in embedded MnAs nanocrystals. Contrary to the case of MnAs films epitaxially grown on GaAs substrates, the structural distortion of MnAs nanoclusters embedded in GaAs plays an advantageous role in stabilizing ferromagnetism. Whereas epitaxy of MnAs films on GaAs substrates stabilizes the nonferromagnetic ␤ phase below its stability range in bulk MnAs, 48 the embedded morphology of the MnAs nanoclusters stabilizes the ferromagnetic ␣ phase above its stability range in bulk MnAs. It remains to be shown whether an octahedrally distorted ␤ phase exists or is suppressed for MnAs nanoclusters embedded in GaAs, and how ferromagnetism in the MnAs nanoclusters destabilizes upon heating, whether as a first-order ␣-␤ phase transition, like in bulk MnAs, or as a second-order direct ␣-␥ phase transition.
VI. CONCLUSIONS
We have carried out a comparative photoemission spectroscopy ͑PES͒ study of the electronic structure of hexagonal MnAs, as epitaxial film on GaAs͑001͒ and as nanoclusters embedded in GaAs, focusing on the effect of nanoscaling and internal nanocluster strain on Mn-Mn and Mn-As bonding interactions.
Mn 2p photoemission reveals that on-site d-d Coulomb interactions are relatively strong for the nanoclusters and weak for the film. The Mn 2p photoelectron emission spectrum of the embedded nanoclusters shows a complex structure, including correlation satellites, that we have analyzed using a configuration-interaction ͑CI͒ cluster model. We find the number of d electrons on the Mn atom for the nanoclusters to be ϳ5.22 and the effective Mn-cation charge to be about +1.78. The ground state of the nanoclusters is found to be largely dominated by a d 5 configuration that maximizes the local Mn moment and involves a hole in a spin-up valence orbital with E symmetry at the ⌫ point.
Nanoscaling and internal strain in the nanocrystals significantly alter the properties of MnAs. The internal nanocluster strain leads to a longer Mn-As nearest-neighbor distance that results in reduced p-d hybridization and enhanced ionic character of the Mn-As bond, as compared to bulk MnAs. The spatial confinement and weakened p-d hybridization in the nanoclusters enhance d-electron localization, triggering d-d electron correlations, and enhancing the local Mn moments.
The Curie temperature of the nanoclusters is measured to be remarkably higher than that of the film and of bulk MnAs. We believe that the enhanced stability of ferromagnetism in the embedded MnAs nanoclusters correlates to the increased p character of the states crossing the Fermi energy, as a result of the enlarged nanocluster unit-cell volume. Contrary to epitaxial MnAs films on GaAs, the mechanical properties of the granular GaAs:MnAs composite advantageously modify the magnetic properties of MnAs, stabilizing the ferromagnetic ␣ phase above its stability range in bulk MnAs, well above room temperature.
